We investigated the kinetics of enthalpy recovery of several glass-forming polymers at temperatures significantly below the glass transition temperature (T g ) and for aging times up to one year. We find a double-step recovery at relatively low aging temperatures for the longest investigated aging times. The enthalpy recovered after the two-step decay approximately equals that expected by extrapolation from the melt. The two-step enthalpy recovery indicates the presence of two time scales for glass equilibration. The equilibration time of the first recovery step exhibits relatively weak temperature dependence, whereas that of the second step possesses pronounced temperature dependence, compatible with the VogelFulcher-Tammann behavior. These results, while leaving open the question of the divergence of the relaxation time and that of a thermodynamic singularity at a finite temperature, reveal a complex scenario of glassy dynamics. DOI: 10.1103/PhysRevLett.111.095701 PACS numbers: 64.70.pj, 65.60.+a Nowadays, it is well known that glassy materials can be obtained by cooling down a liquid if crystallization is avoided [1] . The process of formation of a glass is called the glass transition and is kinetic in nature. Hence, the temperature associated with this process (T g ) depends on the cooling rate of the experiment, since the time needed to equilibrate the liquid, the equilibration time eq , is temperature dependent. As the temperature crosses the region around T g , eq becomes comparable to the time scale of the experiment related to the inverse of the cooling rate q, and thereby the system becomes a nonequilibrium glass. Below T g , the glass slowly evolves with time toward equilibrium, a phenomenon known as physical aging [2, 3] . Conventionally and in the rest of the Letter, the T g is taken as that corresponding to standard calorimetric experiments, that is, those performed at several kelvin per minute corresponding to an observation time scale of several seconds.
Nowadays, it is well known that glassy materials can be obtained by cooling down a liquid if crystallization is avoided [1] . The process of formation of a glass is called the glass transition and is kinetic in nature. Hence, the temperature associated with this process (T g ) depends on the cooling rate of the experiment, since the time needed to equilibrate the liquid, the equilibration time eq , is temperature dependent. As the temperature crosses the region around T g , eq becomes comparable to the time scale of the experiment related to the inverse of the cooling rate q, and thereby the system becomes a nonequilibrium glass. Below T g , the glass slowly evolves with time toward equilibrium, a phenomenon known as physical aging [2, 3] . Conventionally and in the rest of the Letter, the T g is taken as that corresponding to standard calorimetric experiments, that is, those performed at several kelvin per minute corresponding to an observation time scale of several seconds.
Several studies have univocally related eq to the typical relaxation time mol of molecular spontaneous fluctuations associated to the process [4] [5] [6] [7] , suggesting that this is the only process relevant for the glass transition. mol is generally described by the empirical Vogel-Fulcher-Tammann (VFT) equation [8] [9] [10] 
where 0 is a prefactor, and T 0 and B are the Vogel temperature and activation energy, respectively. The VFT law insinuates divergence of the relaxation time at T 0 .
A connection of dynamics with thermodynamics has been inferred in the past. In particular, analysis of thermodynamic data on a wide range of glass formers indicates that extrapolation of the behavior normally observed at relatively high temperature produces a singularity at a finite temperature T K , where the entropy of the liquid would equal that of the corresponding crystal [11] . If the contribution of the entropy exclusively related to the process is considered [12] , T 0 % T K is generally encountered [13] .
The previous description is based on the common view that a single time scale of equilibration, associated with a single T g , is present in glass-forming systems. However, there exist at least two studies, one on a siloxane based molecular glass former [14] and the other on thin polystrene (PS) films [15] , suggesting the presence of two equilibration time scales, since two jumps in second order thermodynamic properties were detected in those studies. These would be a manifestation of the existence of two equilibration mechanisms with rather different time scales.
The vast majority of experiments are performed on typical observation time scales shorter than several seconds, that is, above the conventional T g . However, in recent years, the previous issues have been tackled by performing experiments in the so-called aging regime as a way to explore the ultraslow molecular dynamics range. In particular, either the kinetics of recovery of thermodynamic (or related) properties or the evolution of the relaxation time during physical aging were monitored on time scales considerably larger than several seconds. Several of these studies suggest that deviations from the VFT behavior of eq to a milder temperature dependence occur at large time scales of observation [16] [17] [18] [19] [20] [21] [22] [23] [24] . This finding generated (or has been generated by) intense theoretical activity, accounting for this kind of behavior [25] [26] [27] [28] . Conversely, other approaches rather predict divergence of the relaxation time in line with the empirical VFT law [29, 30] . At the same time, several studies in glassy polymers indicated that after prolonged aging at temperatures significantly
week ending 30 AUGUST 2013 0031-9007=13=111(9)=095701 (5) 095701-1 Ó 2013 American Physical Society below T g , a plateau in the enthalpy is found with enthalpy values considerably larger than those corresponding to the thermodynamic state extrapolated from above T g [22, [31] [32] [33] [34] [35] ]. An exception is represented by a recent work where a single-step decay to the plateau expected from extrapolation from above T g is found for PS at 358 K [36] . However, it is worth remarking that in the latter case, differently from Refs. [22, 32, 35] , where a plateau with partial enthalpy recovery is found for PS, samples with a wide distribution of molecular weights are employed. The presence of an intermediate plateau is likely also the case of recent experiments by Welch et al. [37] on an inorganic glass, who showed that a plateau in a volume related recovery function is achieved within one year at a temperature as low as 600 K below T g . Furthermore, experiments within the so-called asymmetry of approach demonstrated that the obtained plateau corresponds to a relative minimum in the energy landscape [22] . These results leave open the question on whether additional decays in the enthalpy recovery would be observed if longer aging times were considered, which implies the presence of distinct mechanisms of equilibration.
In this work, we study the enthalpy recovery of three glassy polymers, where the value of the enthalpy at the plateau was found to be significantly different from that expected by extrapolation from the melt [22] . These polymers are high-and low-molecular-weight polystyrene (for PS85k, M n ¼ 85 kg=mol, T g ¼ 375 K; for PS7k, M n ¼ 7 kg=mol, T g ¼ 363 K) and polycarbonate (for PC36k, M n ¼ 36 kg=mol, T g ¼ 419 K) at temperatures significantly below T g and for aging times as long as about one year. In doing so, we extend previous enthalpy recovery studies [22] to rarely explored aging times, in particular, those larger than those needed to reach the previously mentioned plateau. We show that further enthalpy recovery occurs after large aging times and, in those cases where a second plateau can be reached, the final thermodynamic state approximately corresponds to that of the extrapolated melt. This two-step enthalpy recovery defines two equilibration time scales. The faster one exhibits activation energy significantly smaller than that of the process at T g , whereas the slower time scale is compatible with VFT behavior.
The enthalpy recovery has been investigated by differential scanning calorimetry (DSC), employing a DSC-Q2000 from TA Instruments. This technique delivers the temperature dependent specific heat, which at constant pressure equals the temperature derivative of the enthalpy. All enthalpy recovery experiments began with a heating ramp to a temperature equal to or larger than T g þ 30 K, kept for 5 min, to erase the material's previous thermal history. Samples were subsequently cooled down at 20 K min À1 at a temperature considerably lower than the aging temperature T a , followed by stabilization at T a and aged in the calorimeter for times from several minutes to 48 h before being cooled down to a temperature considerably lower than T a , at a cooling rate of 20 K min À1 , prior to reheating at 10 K min À1 for data collection (aged scan). For the measurements of the enthalpy recovery at longer aging times (t a > 48 h), the annealing of the samples was carried out in an external vacuum oven, at T a , after the erasing of the thermal history and cooling of the samples in the DSC. After aging, the samples were cooled down again and DSC thermograms recorded. Second scans were run immediately after a new cooling at 20 K min À1 . The complete thermal procedure applied to the samples for the structural recovery study has been schematized in a previous work [38] . As a general rule, the amount of recovered enthalpy of a glass for a period of time t a at a given temperature T a was evaluated by integration of the difference between thermograms of aged and unaged samples, according to the relation [4] 
where C a p ðTÞ and C u p ðTÞ are, respectively, the specific heat of the aged and unaged samples, and T x and T y are, respectively, temperatures well below and above the calorimetric T g [4] . Figure 1 shows the temperature dependence of the specific heat at some selected aging times-chosen in a way that Á log t a between two consecutive scans is approximately constant-for PS85k at 363 K. As is customary in enthalpy recovery experiments, physical aging manifests with the development of an endothermic overshoot, whose magnitude increases with aging time. However, a first qualitative observation of the figure indicates that the growth rate of the overshoot is nonmonotonic. In particular, at aging times between half and several days, the development of the overshoot appears to be considerably slower in comparison to shorter and larger aging times.
The latter experimental result can be quantitatively explored by calculating the recovered enthalpy employing Eq. (2). The decay in the enthalpy during physical aging is PRL
enthalpy and the enthalpy recovered at a given aging time ÁHðtÞ. The former is calculated by extrapolating the enthalpy of the equilibrium melt to the aging temperature as
ÁC p dT, where ÁC p is the difference between the melt and glass specific heat and is taken from Ref. [22] . The behavior of the enthalpy recovery exhibits the following main characteristics: (i) in the proximity of T g , the recovery exhibits the standard single-step decay; (ii) at temperatures significantly below T g , enthalpy recovery proceeds via a two-step process; and (iii) in all cases where the final plateau is achieved, in a good approximation, the recovered enthalpy corresponds to that extrapolated from the melt. The latter aspect is evidenced in the inset of Fig. 2(d) where the enthalpy recovered at each plateau is shown as a function of temperature together with the extrapolated melt line for PS85k as a showcase.
The most relevant result in the context of the present study is the presence of a two-step decay in enthalpy recovery, schematically depicted in Fig. 2(d) . This is also found in PS7k, that is, a polymer with molecular weight significantly below that between entanglements (17 kg=mol for PS). While some previous studies on different kinds of inorganic glasses [39, 40] as well as two works on the long term volume recovery of polycarbonate (PC) at room temperature [41, 42] provide some indications on such behavior, to our knowledge, this is the first systematic study providing unambiguous evidence of a two-step decay for different polymers at several temperatures.
The previous results imply that enthalpy recovery in glassy polymers exhibits two time scales of equilibration. A way to obtain information on the temperature behavior of these time scales is to extract the time of equilibration to each plateau of the recovery. This is analogous to the method, employed in previous works [18, 22] , based on the determination of the shift factor obtained by aging time-temperature superposition of enthalpy recovery data close to the plateau. The time of equilibration, obtained through the geometric construction shown in Fig. 2(a) as a showcase, for all investigated polymers, is shown in Fig. 3 as a function of the inverse temperature. A splitting (merging) scenario is evidenced in the figure resulting from the presence of a single equilibration mechanism at relatively high temperatures and a double decay recovery at lower temperatures. As can be observed, the time scale for equilibration at the first plateau exhibits relatively low activation energy seemingly decreasing with temperature and of the order of a few hundreds of kJ mol À1 . The temperature dependence of the equilibration time of the first plateau was examined in a previous work
FIG. 2 (color online)
. Time evolution of the recovered enthalpy at the indicated temperatures for (a) PS85k, (b) PS7k, and (c) PC36k. The experimental uncertainty in the amount of recovered enthalpy is AE0:05 Jg À1 . The dashed lines in (a) are the logarithmic fits to enthalpy recovery data in the time interval of maximum variation and at the plateau. The intersection of the two fits provides welldefined values of the equilibration time. The mean standard error is Á log eq ¼ AE0:2. (d) Schematically shown is the temperature behavior of the enthalpy at each (relative) minimum in the energy landscape. The inset of (d) shows experimental points for PS85k as a showcase of the enthalpy recovered at each plateau and the extrapolation of the enthalpy from the melt. [22] . In the case of the equilibration time of the second plateau, a considerably more marked temperature dependence can be observed. Interestingly, the temperature dependence of these equilibration times is adequately caught by the VFT law. This is shown in Fig. 3 where the continuous lines are the fits of the VFT law to the longest equilibration time. Here, the parameters B and T 0 of the VFT equation have been fixed to those obtained by dielectric relaxation spectroscopy [22] . Hence, an important conclusion of this analysis is that the equilibration time to the second plateau exhibits the same temperature dependence as that of mol obtained by independent characterizations.
Enthalpy recovery results, showing the existence of double decay, indicate a complex behavior of both thermodynamics and dynamics. Regarding the first decay, an intuitive explanation, based on the relatively low activation energy, is that secondary relaxations are responsible for such decay. However, this explanation would be at odds with the separation in time scales of the first decay of the two investigated PSs (see Fig. 3 ). It is in fact well established that the time scale of secondary relaxations does not depend on the molecular weight. Nonetheless, it is noteworthy that the separation of time scales of the two PSs becomes smaller when decreasing the temperature. This observation leaves open the possibility that secondary relaxations are responsible for the first decay. Alternative molecular mechanisms, bearing no relation with secondary relaxation processes, could also be invoked to explain the first decay in the enthalpy. In such a case, it is worth mentioning that several experiments in thin PS films conducted in a sub-T g temperature range show the presence of weakly activated molecular relaxation processes [43, 44] .
The temperature dependence of the equilibration time to the second decay is adequately described by the same VFT law employed to fit dielectric relaxation data above T g [22] . This result indicates that the full recovery of the enthalpy must be driven by the polymer process. Importantly, in the temperature interval explored in the present work, where full equilibration of the glass is allowed in a time scale of one year, no clear deviations from the VFT law are observed. This result apparently contrasts with those reporting significant deviations [17, 18] . We speculate that the deviations observed in those studies may be related to the fact that physical aging in the first decay regime is explored. This interpretation is corroborated by the observation that the temperature dependence of the shift factor obtained from stress relaxation experiments in PC [17] appears to match the temperature dependence of the first decay of the present study. Our results leave open the question of the thermodynamic and dynamic singularity at a finite temperature. Recent results on amber glass aged for millions of years suggest that glasses significantly lower in the landscape than those of the present study exhibit deviations from the VFT law [45] .
An important implication of the presence of two time scales of equilibration in the enthalpy is that a glass former cooled at sufficiently low rates would exhibit two jumps in the heat capacity. In the case of the glass-forming polymers of the present study, feasible cooling rates ( > 10 À3 sec À1 ) always fall in the merging region with the single equilibration mechanism. This likely explains the almost total absence of studies where two jumps in second order thermodynamic properties are found. Nonetheless, it is possible to speculate that there exists a certain class of glass formers exhibiting the splitting (merging) position shifted to time scales short enough for standard calorimetric experiments to show two such jumps in the heat capacity. This could be the case of a siloxane based molecular glass former [14] and PS thin films [15] actually exhibiting two jumps in second order thermodynamic properties, as previously discussed. Considering the unknown nature of the molecular mechanism responsible for the first decay in the enthalpy, whether this corresponds to a kinetic transition cannot be answered at present, although a glass-glass transition may be hypothesized. Further investigation is required to clarify this point.
In conclusion, by means of DSC, we have shown that at temperatures substantially below T g , enthalpy recovery in several glass-forming polymers proceeds via a two-step process. The faster one allows partial recovery of the enthalpy, which also depends on the molecular weight, whereas complete recovery, i.e., that expected from extrapolation from the melt, is achieved after the slower process is completed. These results point toward a splitting (merging) scenario and insinuate the presence of two time scales for glass equilibration, associated with two different equilibration mechanisms. Analysis of the temperature dependence of the two equilibration times indicates that the faster decay exhibits relatively low activation energy, whereas the slower is adequately described by the same VFT law employed to fit the process.
